The role of renal sympathetic denervation (RSD) in ameliorating post-myocardial infarction (MI) left ventricular (LV) fibrosis via microRNA-dependent regulation of connective tissue growth factor (CTGF) remains unknown.
Background
Heart failure (HF) due to myocardial infarction (MI) is associated with a high mortality rate. Cardiac fibrosis plays a key role in the progressive deterioration of ventricular function in the development of heart failure after MI [1] . It is characterized by excessive deposition of extracellular matrix (ECM) proteins, such as Collagen I, Collagen III, fibronectin, elastin, and fibrin. Collagen synthesis contributes to collagen accumulation, leading to cardiac fibrosis and myocardial stiffness. Among the mechanisms that lead to cardiac fibrosis and remodeling, hyper-stimulation of the sympathetic nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS) are two primary mechanisms [2] in the setting of hypertension-induced heart failure.
Renal sympathetic denervation (RSD), which was introduced as a technique that protects against heart failure via denervation of afferent and efferent renal sympathetic nerve fibers, plays a pivotal role in the regulation of neurohumoral mechanisms, including SNS and RAAS [3] [4] [5] . Animal studies have shown that RSD inhibits ventricular remodeling in animals with heart failure [6, 7] and attenuates the progression of left ventricular hypertrophy in rats caused by spontaneous hypertension [8] . These studies suggest that the positive role of RSD on neurohumoral activities may be further validated as an effective treatment option in heart failure after MI. The underlying mechanisms need further investigation.
Mature microRNAs are endogenous, non-coding small RNAs, 22nt in length, which silence genes by inhibiting mRNA translation or promoting mRNA degradation. They play key roles in fibrosis, proliferation, and cell death of cardiac tissue [9] , especially in regulating cardiac fibrosis. For example, microRNA-21 promotes the progression of fibrosis [10] , while microRNA101a and microRNA-133a have been identified as regulators of connective tissue growth factor (CTGF) by decreasing collagen synthesis [11] . CTGF is a secreted protein which is a powerful inducer of ECM synthesis and fibrotic disorders [12, 13] . The ECM and fibrosis of the heart are known to play a pivotal role in myocardial remodeling caused by excessive activation of SNS and RAAS [14] . During cardiac remodeling, both cardiac myocytes and fibroblasts secrete CTGF via regulation of growth factors and microRNAs [11] . It is important to elucidate the underlying mechanisms and develop new therapeutic strategies for MI-induced LV remodeling. We hypothesized that RSD might act against the progression of cardiac fibrosis after MI by regulating microRNAs and growth factors of the myocardium. Therefore, we investigated the therapeutic effects of RSD on cardiac fibrosis and discussed the potential mechanisms underlying the functional and morphological alterations in the peri-infarct area of myocardial tissue using a rat MI model.
Material and Methods

Ethics statement
This study was carried out in strict accordance with the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). All animal experimental protocols were approved by the Institutional Animal Care Committee at Wuhan University.
Animals
Seventy-one male Sprague-Dawley (SD) rats (180-200 g) were purchased from the Beijing HFK Bioscience CO., LTD (Beijing, China). Animals were maintained under standard animal room conditions at a room temperature of 21±2°C and humidity of 60-65% in a 12:12 light/dark cycle. A standard rat diet containing 0.3% NaCl and tap water was given ad libitum throughout the experimental period. All efforts were made to minimize animal suffering.
Group setting
Seventy-one SPF male SD rats were randomly divided into four groups: normal animals serving as a control group (n=15), animals treated with renal sympathetic denervation (RSD group, n=18), MI group (n=18), and animals treated with RSD seven days post-MI (MI7d+RSD group, n=20).
Myocardial infarction model
MI was induced by ligation of the left coronary artery under combined intraperitoneal anesthesia (40 mg/kg pentobarbital sodium). Rats were intubated and ventilated by a volume-regulated respirator during surgery. The left coronary artery was ligated 2 to 3 mm from its origin using a 6-0 prolene suture via left thoracotomy between the fourth and the fifth intercostal space. Subsequently, the infarcted area of LV was paled immediately. The thorax was closed and the animals were allowed to recover. Intramuscular injection of penicillin 400,000 U was administered daily for three days to prevent infection.
Renal sympathetic denervation
RSD was performed under intraperitoneal anesthesia (40 mg/ kg pentobarbital sodium). Both kidneys were surgically denervated by cutting all visible nerves from the renal arteries and veins under an operating microscope. The vessels were then coated with a 20% phenol/ethanol solution for 10-15 minutes. The renal sympathetic nerves were electrically stimulated for 20-30 seconds to evaluate the effects of RSD (Grass S48 nerve stimulator, 0.2 ms, 15 V, 10 Hz). In normal rats, the blood pressure increased by 5-10 mmHg, heart rate increased by [8] [9] [10] [11] [12] [13] [14] [15] bpm, and the kidney became paler after electrical stimulation. Changes in blood pressure, heart rate, or kidney color were absent in animals after RSD.
Echocardiography
All the experimental animals were anaesthetized under 40 mg/kg pentobarbital anesthesia for echocardiography before and at six weeks after MI surgery. The echocardiographic measurements were performed using a 15 MHz ultraband sector probe (SONOS 5500, Hewlett-Packard, Andover, MA). LV ejection fraction (EF), heart rate, LV end-systolic diameter (ESD) and LV end-diastolic diameter (EDD) were measured in the short-axis M-mode left parasternal projection at the mid-portion of the left ventricle. All the procedures and analyses were performed by an experienced researcher in a blinded fashion.
Hemodynamics
After echocardiographic data collection, a Millar Microtip catheter (SPR-407, Millar Institute, Houston, TX, USA) was introduced from the right carotid artery into the left ventricle. With the rat anesthetized lightly and breathing spontaneously, LV systolic pressure (LVSP), LV end-diastolic pressure (LVEDP), maximum and minimum alterations in LV pressure (dP/dtmax and dP/dt min, respectively) were measured.
Neurohormonal assays
After echocardiography at six weeks post-MI or RSD, blood samples were drawn from the inferior vena cava into tubes containing EDTA, immediately centrifuged at 3000 rpm for 10 minutes at 4°C (Avanti J-E; Beckman Coulter, Brea, CA, USA), separated into microtubes and stored at -80°C until used for analysis. Plasma norepinephrine (NE), renin, angiotensin II (Ang II), and aldosterone (ALD) levels were measured using ELISA kits (Rat kit, Abnova GmbH Inc., Heidelberg, Germany).
Masson's trichrome staining and infarct size of left ventricles
Six weeks post-MI or RSD, the rats were sacrificed using an excess intraperitoneal anesthesia (60-70 mg/kg pentobarbital sodium). Masson's trichrome staining was used to evaluate collagen deposition. The myocardial interstitial collagen volume fractions were determined using image analysis software (Rockville, MD, USA). Results were presented as the ratio of collagen surface area stained blue to the myocardial surface area. Infarct size was assessed by examining images obtained at low magnification and calculated as the ratio of the length of the infarcted endocardial circumference to the entire endocardial circumference, as previously reported [15] .
Immunohistochemistry of Collagen I, Collagen III, and CTGF expression in left ventricle
The left ventricles were isolated as needed, embedded in paraffin, and sectioned at a thickness of 5 µM. The paraffin-embedded sections were incubated overnight at 4°C with primary antibodies (CTGF, Abcam Ltd., 1:400; Collagen I, Abcam Ltd., 1:300; Collagen III, Abcam Ltd., 1:100) and visualized with horseradish peroxidase-conjugated IgG (1:100; Sigma-Aldrich) for one hour, respectively, at room temperature before computerized image analysis (AIS Imaging, Ontario, Canada). Negative control sections were incubated in the absence of primary antibody.
Real-time reverse-transcription polymerase chain reaction (RT-PCR) analysis
The total RNA was isolated from peri-infarct area of myocardial tissue with TRIzol (Invitrogen, Carlsbad, CA). To determine the levels of CTGF, Collagen I, Collagen III, and b-actin, real-time RT-PCR was performed using 1 mg total RNA as described previously [16] . The primer sequences were as follows: miR-101a, 3p loop primer: 5'-GTCGTATCCAGTGCAGGG TCCGAG GTATTCGCACTGGATACGAC TTCAGTTA, miR-101a, 3p F primer: TGCGCTACAGTACTGTGATAA; miR-133a, 3p loop primer: 5'-GTCGTATCCAGTGCAGGGTCC GAGGTATTCGCACTGGATACGAC CAGCTGGT, miR-133a, 3p F primer: TGCGCTTTGGTCCCCTTCAACC; miR-21, 5p loop primer: 5'-GTCGTATCCAGTGCAGGGTCC GAGGTATTCGCACTGGATACGAC TCAACATC, miR-21, 5p F primer: TGCGCTAGCTTATCAGACTGAT; Collagen I, forward, 5'-CGAGTATGGAAGCGAAGGT-3', Collagen I, reverse, 5'-CCACAAGCGTGCTGTAGGT-3'; collage III, forward, 5'-ATTGCTGGAGTTGGAGGTGA-3', collage III, reverse, 5'-TGAGTTCAGGGTGGCAGAAT-3' CTGF, forward, 5'-GTCTTCGGTGGGTCCGTGTA-3', CTGF, reverse, 5'-CCACAAGCGTGCTGTAGGT -3' and b-actin, forward, 5'-CACGATGGAGGGGCCGGACTCATC-3', and b-actin, reverse, 5'-TAAAGACCTCTATGCCAACACAGT-3'.
The PCR products were subjected to gel electrophoresis using 1.5% agar containing 0.5 mg/mL ethidium bromide. All data were quantified using the comparative cycle threshold method, normalized to b-actin.
Western blot analysis
Protein extraction and protein assay were performed from the left ventricle using the procedure described previously [16] followed by fractionation of 50 mg proteins on a 10% SDSpolyacrylamide gel and electrophoretic transfer to pure nitrocellulose blotting membranes. The blots were incubated with primary antibody overnight using GAPDH as the control. The antibodies and dilutions were as follows: CTGF (Santa Cruz Biotechnology, 1:400), Collagen I (Abcam Ltd., 1:1000), Collagen III (Santa Cruz Biotechnology, 1:6000), and GAPDH (anti-GAP-DH Mouse Monoclonal Antibody; Abbkine Inc. USA, 1:1000). The corresponding secondary antibody (goat anti-rabbit immunoglobulin G, Santa Cruz Biotechnology) was incubated at 37°C for two hours. The blots were visualized and quantified by measuring the band intensity.
Statistical analysis
Data are presented as means ±SD, and the differences were tested for significance using analysis of variance (ANOVA), followed by the Bonferroni test when appropriate. Results were considered statistically significant when p<0.05.
Results
Body weight, heart rate, and left ventricular infarct size after MI Anesthesia-related accidents contributed to 2.8% (2/71) of deaths and heart failure to 16.9% (12/71) of deaths post-MI. Blood loss post-RSD resulted in 7.0% (5/71) of deaths. Seven days post-MI, RSD was performed on the surviving 14 rats, with 100% survival. No significant difference in the ratio of weight and infarct area was seen in each group six weeks post-MI (Table 1) .
Effects of RSD on the plasma renin, angiotensin II, aldosterone and norepinephrine levels
Compared with the baseline values of the control group, RSD did not alter the plasma renin, angiotensin II, aldosterone, or norepinephrine levels after six weeks. Compared with the values in the MI group, a decrease in plasma renin, angiotensin II, and aldosterone levels by 74.8%, 82.8%, and 77.2% was observed in the RSD treatment group, respectively (Table 2, p<0.05). MI-induced increase in plasma levels of noradrenaline was reduced by 52.3% after RSD treatment (Table 2, p<0.05).
RSD improves cardiac function six weeks post-MI
Six weeks post-MI, LVESD and LVEDD of the MI group were significantly increased (Figure 1, p<0.01, p<0.05, respectively) . LVEF was significantly reduced (Figure 1, p<0.01 ) compared with the control group. RSD decreased LVESD and LVEDD (Figure 1,  p<0.01, p<0 .05, respectively), while LVEF was increased compared with the MI group (Figure 1, p<0.01 ).
Hemodynamic parameters of the four groups at six weeks postsurgery are shown in Figure 2 . LVEDP was higher (Figure 2A , p<0.05) and LVSP, dP/dtmax, and dP/dtmin were lower in untreated MI rats compared with the control group ( Figure 2B-2D, p<0.05) . LVEDP was decreased (Figure 2A, p<0.05) , while LVSP, dP/dtmax, and dP/dtmin were increased in rats treated with RSD compared with MI rats (Figure 2B-2D, p<0.05) .
Renin 
RSD decreases collagen deposition six weeks post-MI
Masson's trichrome staining was used to evaluate the periinfarct LV myocardium collagen deposition, which was composed of red normal myocardial cells and blue fibrin component ( Figure 3A-3D) . At six weeks post-MI, untreated MI rats displayed a large degree of fibrosis compared with control rats ( Figure 3E , p<0.01). Although RSD alone did not affect collagen deposition in control rats, it was decreased relative to interstitial fibrosis, compared with untreated MI rats ( Figure 3E, p<0.01) .
RSD decreases the expression of Collagen I and Collagen III in LV six weeks post-MI
Immunohistochemical analysis of the peri-infarcted area of LV indicated that untreated MI caused a significant increase in Collagen I and Collagen III compared with the control group ( Figure 4A , Figure 5A ). The expression of Collagen I and Collagen III was decreased in the MI group treated with RSD ( Figure 4A , Figure 5A ). Compared with the normal rats, the mRNA and protein expression of both Collagen I and Collagen III was upregulated in the peri-infarct area of LV of MI rats at six weeks, which was decreased after RSD treatment ( Figure 4B , 4C, p<0.01; Figure 5B , 5C, p<0.01).
Downregulation of microRNA21and upregulation of microRNA101a and microRNA133a expressions in LV by RSD six weeks post-MI
As demonstrated in Figure 6 , microRNA21 mRNA was upregulated in the border zone of the infarct area post-MI (p<0.01), which was attenuated after RSD treatment. The mRNA expression of both microRNA101a and microRNA133a was decreased after MI (p<0.01), and this decrease was reversed in RSD-treated MI rats (p<0.01 and p<0.05, respectively).
Downregulation of CTGF by RSD in the LV six weeks after MI
Six weeks post-MI, immunohistochemistry showed marked CTGF expression in MI rats, compared with rats in the control group. CTGF overexpression was prevented after RSD treatment ( Figure 7A ). Accordingly, both real-time PCR and Western blot showed that the TGF-b1 expression in the LV was significantly increased after untreated MI, which was inhibited after RSD treatment ( Figure 7B , 7C, p<0.01). 
Discussion
Neurohumoral factors, especially activated RAAS and SNS, exacerbated ventricular deterioration. Inhibition of RAAS and SNS by RSD may represent an important mechanism in the improvement of cardiac dysfunction after MI [3, 4] . In the current study, RSD exerted preventive and therapeutic effects on post-MI cardiac fibrosis, and improved the LV function after MI, including increased EF, decreased LVEDD and LVESD compared with untreated MI rats. RSD treatment also improved LVSP, LVEDP, dP min and dt max , compared with MI rats six weeks post-MI. RSD effectively improved cardiac function and attenuated cardiac remodeling after MI (Figures 1, 2) .
Adverse ventricular remodeling post-MI is characterized by excessive deposition of collagen in the myocardium, resulting in myocardial fibrosis. LV function was improved at the cost of increased left ventricular stiffness [5] . In our study, RSD treated MI rats showed decreased collagen deposition ( Figure 3 ) and downregulated the expression of Collagen I and III in the peri-infarct LV (Figures 4, 5) , which may improve the diastolic performance of LV. Therefore, the role of RSD in cardiac fibrosis after MI and the potential mechanisms were the focus of this study.
We further investigated the effect of RSD on the expression of microRNA21, microRNA101a, and microRNA133a, which are powerful regulators of pathological events, including cell growth, extracellular matrix remodeling, and cardiac fibrosis [10, 17] . In the present study, the higher microRNA21 expression and the lower microRNA101a and microRNA133a expression in cardiac tissue post-MI suggested proteolytic imbalance, which was attenuated after RSD treatment six weeks post-MI, resulting in improvement in cardiac performance.
CTGF, a profibrotic growth factor, is a diagnostic marker and therapeutic target of ECM synthesis and cardiac fibrosis [18] . Reducing CTGF overexpression may be useful in the treatment of heart failure [19] . In this study, high-level expression of CTGF was seen in the MI of rat hearts, while CTGF overexpression was inhibited in RSD-treated rat hearts (Figure 7 ). In the healthy heart, microRNA101a and microRNA133a are powerful negative regulators of CTGF expression in the heart acting via translational repression and mRNA degradation [9, 11, 20] . In the current study, both CTGF transcriptional and protein levels in LV were significantly increased in the MI rat model, which were attenuated after RSD treatment. The molecular mechanisms are complex and require further investigation, but several possible interactions exist.
MI is associated with cardiac hypertrophy and fibrosis, which results in reduced cardiac contractility [21] . Overexpression of ECM proteins including collagens, fibrillins, and elastin greatly contributes to the development and progression of cardiac fibrosis [22] . Different microRNAs including microRNA21, microRNA101a, and microRNA133a participate in the regulation of this process. CTGF is one of the most important signaling molecules which are closely related to RAAS and SNS [23] . CTGF overexpression is affected by upregulation of microRNA21 and downregulation of microRNA101a and microRNA133a, leading to myocardial fibrosis [10, 11, [24] [25] [26] . Indeed, the CTGF expression may be affected by RAAS and SNS activation via myocardial microRNA pathways suggesting that a complete feed forward loop developed in cardiac fibrosis and ventricular remodeling. RSD probably regulates microRNAs and subsequent CTGF expression in the inhibition of pathophysiology of ventricular remodeling via its effect on RAAS and SNS in heart tissue.
In our study, in RSD-treated MI rats, the plasma norepinephrine level was increased, along with increased activation of circulating RAAS compared with the MI group ( Table 2 ). The results of the present study are consistent with previous findings with respect to RSD-related reduction in renal norepinephrine spillover and inhibition in RASS activity via blockage of efferent and afferent renal sympathetic nerves [27] . Angiotensin II activates the local RAAS of other organs. It also acts as a positive feedback factor between SNS and RAAS [28] . Therefore, RSD inhibits RAAS and SNS simultaneously to block the neurohormonal activation in vivo, which may play a role in anti-HF effects. This mechanism explains our study observations that RSD affected myocardial fibrosis via inhibition of CTGF expression by upregulating microRNA 101a and microRNA 133a and downregulating microRNA21. The current study suggests that RSD may also display therapeutic effects in HF post-MI. However, the precise mechanism underlying improved cardiac function in vivo with RSD remains to be established.
Conclusions
This study showed a beneficial effect of RSD on the attenuation of MI-induced increase in SNS and RAAS activities as well as LV fibrosis, which might contribute to LV dysfunction in a rat model after MI. Increased CTGF activity may result in myocardial fibrosis post-MI. The attenuation of collagen depositions after RSD treatment may be due to inhibition of CTGF expression via upregulation of microRNA 101a and microRNA 133a expression and downregulation of microRNA21 expression. Our data indicate that RSD is a promising non-pharmaceutical strategy for MI-induced HF.
Limitations
The changes in local RAAS and SNS activity (such as local angiotensin II receptors and catecholamine levels, beta-adrenergic receptor density and function) were not discussed in the present study. To some extent, the study was mostly observational and the mechanistic investigations were limited. Further studies are necessary to accurately establish the mechanisms of RSD in the cardiovascular system in vivo.
Transforming growth factor-b1 (TGF-b1) is a profibrotic cytokine that accelerates extracellular matrix remodeling after ischemia in LV failure, but it was not investigated in this study.
Further conclusions related to TGF-b1 and associated microRNAs will be confirmed in our future studies.
